Objective: To account for use of hearing protection devices (HPDs) in retrospective noise exposure assessment, adjust noise exposure estimates accordingly, and validate the adjusted estimates.
INTRODUCTION
In many jurisdictions, workplaces where levels of noise are high are required to implement 'Hearing conservation programs'. In British Columbia (Canada), for example, these programs are mandated by the local regulating agency, WorkSafeBC, and the programs require seven discrete components, including noise control at source, hearing protection use, noise monitoring, education, posting, program review, and annual hearing tests, which are archived by the agency. Engineered noise control is often perceived as expensive and deemed impracticable (Leinster et al., 1994) ; consequently, there is a heavy reliance on hearing protection devices (HPDs) such as earplugs or earmuffs.
For rigorous conduct of any epidemiological study, exposure needs to be accurately assessed in order to obtain an unbiased exposure-response relationship, but use of hearing protection-that is not typically accounted for in exposure measurements-will certainly introduce exposure misclassification, which has been shown to attenuate the exposure-response relationships (Armstrong, 1998) . For example, we previously conducted a retrospective study investigating the effect of exposure to noise on heart disease, in a cohort of British Columbia lumber mill workers. A subsample whose employment was terminated before 1970, a period prior to use of hearing protectors, showed a stronger exposure-response relation. This was taken as evidence that when noise exposure was more accurately characterized, misclassification was reduced (Davies et al., 2005) . It is not always feasible to locate a study group that does not use hearing protection and so the question was posed, how can we account for HPD use when using noise exposure estimates based on retrospective exposure assessment?
This paper and its companion (Sbihi et al., 2009 ) present a novel approach for accounting for HPD use in the estimation of noise exposure and its evaluation against a 'gold-standard' noise-induced hearing loss (NIHL).
METHODS

Study cohort and validation subcohort
The original cohort, described more in detail elsewhere (Hertzman et al., 1997) , comprised .27 000 workers employed for a minimum of 1 year between 1950 and 1995 at 1 of 14 lumber mills in British Columbia (Canada). Subjects' personal identifier information and work histories were obtained from company records.
All participating mills had annual audiometric testing of their workers as part of a hearing conservation program mandated by regulation for workplaces where noise levels are higher than the regulatory limit of 85 dB(A). These data (annual audiograms plus supplementary data on otological health and other risk factors for NIHL) were archived by the regulatory agency and we obtained copies of these data.
From the original lumber mill cohort, a subcohort (the 'study cohort') of 13 147 workers for whom noise exposure information was quantitatively characterized was linked to WorkSafeBC audiometric surveillance data (Fig. 1) .
We then restricted the study cohort to a subgroup of 2948 workers, the 'validation subcohort', for whom a minimum of two hearing tests were available and who had had their audiometric testing done in quiet conditions outside work hours.
Noise exposure adjustment for hearing protection use
Retrospective noise exposure (unadjusted for HPD) of study cohort workers was quantitatively assessed, based on a predictive model created using . 1900 full-shift personal noise measurements from cohort lumber mills (Davies et al., 2009a) . For each worker i, job-exposure record m, and year n, the noise exposure level, L eq , was adjusted for HPD use by subtracting a correction factor CF imn , given by
where W n is a time-varying attenuation value and p imn is the predicted probability of HPD use.
[Fitting the predictive model for the binary response of HPD use or not (Sbihi et al., 2009) to the data on 13 147 lumber mill workers, we obtained the predicted probability of HPD use.] For each year, we calibrate W n by the weighted average of HPD-specific attenuation values following the equation:
where the weights AM n , BM n , AP n , BP n , and PM n represent the yearly HPD-specific (i.e. type and class) prevalence of HPD use from the existing audiometric data in participating lumber mills and are summarized in Table 1 . Appendix 1 explains the rationale for choosing the specific attenuation values 14, 12, 9, and 21 dB.
Prediction model of NIHL During hearing tests, air conduction thresholds in each ear were measured for the pure tone frequencies 0.5, 1, 2, 3, 4, 6, and 8 kHz. We defined hearing loss as the average air conduction thresholds across the frequencies 0.5, 1, 2, and 4 kHz, further averaged across both ears. Although this definition includes lower frequencies (0.5 and 1 kHz), usually not considered very sensitive to noise exposures, it was consistent with the one adopted in a predictive validity study of retrospective noise estimates by McNamee et al. (2006b) . The outcome variable was therefore a continuous response measuring the physiological change in hearing level per year (i.e. from one hearing test to the next). It was log transformed to follow approximately a normal distribution.
Information obtained during hearing testing was grouped into three categories of variables having dichotomous values, which could contribute to hearing loss: use of firearms, non-occupational noise exposure, and intrinsic risk factors.
Firearms questions were as follows: ever hunted, ever shot trap/skeet/target (but not handguns), and ever shot handguns. Non-occupational risk factors were ever exposed to loud noises at previous job, ever exposed to loud noises off the job, ever exposed to a blast, and ever exposed to loud noises in the armed forces. Intrinsic risk factors were covariates reporting whether the subject ever had a medical condition that would confound the noise exposure and NIHL relation, these were: ear surgery, dizziness or balance problems, a serious head injury, a relative with hearing loss before the age of 50 years, and a visit at an ear doctor in the past 5 years.
In order not to saturate the hearing-loss prediction model, we investigated whether each set of risk factors were measuring the same construct, using Cronbach's alpha with a cutoff set at 0.8. As a result, questions relating to the use of firearms were aggregated into a single variable, using the inter-item covariance, and the number of questions on the scale.
Given that questions pertaining to risk factors were not consistently answered, we treated them as 'always/not-always' information to fill in missing responses. Consequently, for a subject to score always, all non-missing answers from each question cycle had to be 'yes'.
We used linear mixed effects modeling (with random intercepts but fixed slopes) to account for within-subject correlation in repeated hearing loss measurements. The model building strategy consisted of examining an initial (basic) model, shown in equation (4), which had age at the time of hearing test, gender, and ethnicity, entered as fixed effects, regardless of their statistical significance in the univariate analysis, and either adjusted or non-adjusted cumulative noise exposure.
Cumulative noise exposure (both adjusted and unadjusted for use of HPD) was estimated using timeweighted average exposure and was computed as shown in equation (3) using the logarithmic addition of noise intensity (Leq) and duration of employment (T) in a given job-exposure record for all jobs a worker had.
Only the intercept was allowed to have random effects b 0j among workers, giving the following general formulation of the variance component model:
where N is the number of workers, N i is the number of hearing tests of worker i, and y Ã ij is the log-transformed noise-induced hearing level for individual i at time j. In this model, r 2 u represents the between-worker variance and r 2 e the within-worker variance. The model building strategy was to extend the basic model by examining separately each factor group. More specifically, we included all variables pertaining to one given risk factor group at a time and selected those significantly associated with hearing loss. Therefore, three models [basic model-see equation (4)-with (i) firearms, (ii) intrinsic risk factors, and (iii) non-occupational risk factors] were generated to decide which variables should be included in the full model.
Finally, using manual backward stepwise regression, significant variables (P-value , 0.05) were selected while keeping non-modifiable risk factors.
All models were estimated using xtreg command and maximum likelihood estimation in STATA version 8 (STATA Corporation, College Station, TX, USA). The slopes (b) of the relationship between hearing loss and the adjusted or unadjusted metric were compared to determine whether adjustment for HPD use improved the exposure-response relationship.
As an additional test for the predictive validity of the HPD-adjusted noise exposure, we investigated whether the hearing loss predicted using the adjusted exposure measures was similar to that predicted by the formulas stipulated in the International Standards Organization (ISO) document that gives expected hearing loss due to aging and noise exposure (without hearing protection). It should be noted that the regulations in British Columbia, Canada, are based on a 3-dB exchange rule, which is also the basis for the calculations used in the ISO standard for the estimation of noise-induced hearing impairment (ISO 1999). We computed mean expected hearing loss in two steps: (i) we computed the expected age-related hearing loss and (ii) we calculated the noise-related hearing loss for each of the frequencies used to define hearing impairment (0.5, 1, 2, and 4 kHz) and then averaged them. The expected hearing impairment is function of the age-and noise-related hearing loss as follows:
Total expected hearing loss 5 loss related to noise þ loss due to aging Àðloss related to noise Â loss due to aging=120Þ:
For this validation, we restricted our validation subcohort to white lumber mill workers to better match the ISO test population. Furthermore, we only considered male workers because the hearing threshold levels associated with age involve frequencyand gender-specific constants.
RESULTS
The study and validation subcohorts
Upon applying the exclusion criteria, the study cohort, for whom HPD use was predicted, comprised 13 147 workers with 183 115 records defined by job, exposure, and self-reported use of HPD. The study cohort was predominantly male (99%) and composed of three major ethnic groups with 8.8% East Indian, 1.5% Chinese, and the remaining Caucasian, mostly of European descent (89.7%). Workers were highly exposed to noise; before accounting for HPD, the average measured exposure was 90.6 dB(A) and the mean unadjusted cumulative exposure was 101.4 dB(A) Â year. The majority of workers had at least one observation with missing HPD use data (n 5 8749).
The validation subcohort had 2938 workers with a minimum of two tests, all hearing tests performed outside the work shift and who had data on all potential risk factors. This validation subcohort had a slightly lower exposure than the study cohort with a mean-adjusted cumulative exposure of 99.7 dB(A) Â year. This difference may be driven by the job length as workers in the validation subgroup had shorter job tenure (716 days on average) than the study cohort (894 days on average). In this subgroup, workers had between 2 and 16 hearing tests (on average 4.3 hearing tests) while the study cohort had workers who were tested between 1 and 26 times throughout their work history (see Fig. 2) .
A high interdepartmental variability in cumulative exposure was seen (Table 2) , with adjusted mean cumulative exposures ranging from 91.6 to 106.7 dB(A) Â year. Consistent with lower overall HPDadjusted mean exposure in the validation subcohort compared with the study cohort, most departments and job groups had slightly higher in the study cohort compared with the validation subcohort. Table 2 also shows the mean predicted HPD use and the average hearing loss by departments and by jobs. Use of HPD was only significantly higher (P , 0.05) in 2 of 16 job groups (log yard and planing) and 1 of 10 (Dry kiln) departments. It should be noted that while adjusted mean cumulative exposure was slightly higher in the full study cohort, the average hearing loss was only significantly higher for workers in the sawing job group.
Predictive validity results: hearing loss and noise exposure Table 3 presents the results of the final models, unadjusted, and unadjusted for HPD use and including various risk factors that were not excluded during model building.
The slopes of all non-noise exposure variables were stable across the HPD-adjusted and HPD-unadjusted models. The estimated regression slope (b) for hearing level with cumulative noise exposure was 4-fold higher after adjusting for HPD use and became statistically significant. According to the HPD-adjusted model's prediction, a doubling of exposure intensity or a doubling of duration of exposure given a 3-dB exchange rate would deteriorate the average hearing across both ears at frequencies 0.5, 1, 2, and 4 kHz, by exp(0.004 Â 3 dB), that is, 1.01 dB, while all other model covariates are held constant.
Secondarily, we noted that subjects of Chinese descent were significantly more at risk of developing hearing loss due to occupational noise exposure than the baseline group (i.e. those of European descent).
Other risk factors were positively associated, as predicted, with hearing loss with a hearing threshold level between 1.1 and 1.5 dB (use of firearms, visit to an ear doctor, and past exposure to a blast). However, previous noisy job reduced the hearing loss. This is possible because change in hearing threshold due to noise is a non-linear process, and therefore, those with pre-existing increased threshold levels have less hearing to lose. The overall variance explained by the model changed modestly after adjusting for hearing protection use from 36.1 to 39.6% with HPD-adjusted noise metric.
Before examining the impact of adjusting for use of ear protectors, we show in Fig. 3 the temporal variability of mean hearing loss and average unadjusted cumulative exposure. In the validation subcohort, hearing loss varied slightly between 1978 and 1998 while unadjusted cumulative noise exposure levels decreased from 100.3 to 98.8 dB(A) Â year. Figure 4 compares the expected hearing loss based on the average age of white male workers at different categories of noise exposure with that observed in the validation subcohort after HPD adjustment. The agreement is very good for adjusted noise exposure levels .95 dB(A). For lower categories [between 85 and 95 dB(A)], observed hearing loss is higher than that predicted by the standard. 
DISCUSSION
Previous work investigating the effect of exposure to noise on heart disease in the same cohort of workers showed a stronger relation when employment was terminated before 1970, a date prior to which hearing protectors were not used (Davies et al. 2005) . A plausible explanation of this strengthening effect might be the reduction in exposure misclassification in the earlier cohort whose noise exposure was simpler to estimate since it has been extensively shown that non-differential misclassification attenuates epidemiological relationships (Armstrong, 1998) . Starting with this finding, we showed in this study that adjusting for HPD use led to a stronger and more significant noise-hearing loss relationship than exposure estimates with no adjustment (noise and hearing loss increasing by a factor of 4). We selected the cumulative exposure metric because it was used in the parent study examining noise exposure and heart disease. While it might be interesting to examine the two components of such noise metric (i.e. time and intensity of exposure) separately, we do not think that not doing so detracts from interpretation; particularly, as age at the time of hearing test was included in the model and was shown to be a strong predictor.
Testing the validity of predictive models examines whether the predictions can be generalized. Therefore, we can expect that the new noise estimates will likely show stronger effects when used to re-examine the relationship between noise and ischemic heart disease in the post-1970 cohort.
Few studies have addressed the problem posed by the attenuation in exposure provided by HPD (Burgess et al., 2004; Neitzel and Seixas, 2005) . For cross-sectional studies where HPDs were taken into account, the focus was not adjusting historical noise estimates. One other study examined expertassigned retrospective noise exposure levels that presumably included use of HPD in the experts' evaluation and which were used for a subsequent mortality study on noise and cardiovascular disease. They found that the noise estimation based on their estimation approach predicted hearing loss at only one of the two sites surveyed (McNamee et al., 2006a, b) .
A major strength of the study lies in the use of the model to predict use of HPDs because the measurement errors are reduced. First, any errors or biases related to using self-reported data is circumvented. Although self-report about HPD use has been shown to be a good indicator, the sole reliance on a subjective source of information to achieve the adjustment carries a certain degree of error, due to either recall bias or compliance bias. Second, systematic measurement biases were also reduced. For instance, in a study where the adjustment for HPDs relied on self-reports of use of hearing protectors, the exposure characterization suffered because it did not capture the variability of HPD use due to job differences (Neitzel and Seixas, 2005) . Here, the predictive model takes into account the effects of department and job groups; therefore, the probability of use of hearing protectors incorporates this source of variability. However, despite the fact that the model of use of HPD was built using determinants that were not industry specific, caution is needed when generalizing the results to other industries where practices related to use of personal protective equipment may differ. Our study had limitations; there were other sources of measurement errors. In the exposure reassessment phase, the attenuation provided by HPDs is a central concern. Rabinowitz et al. (2007) recognized the complexities posed by the variability of the attenuation provided by HPDand stated that most studies have 'shown that such effectiveness [of hearing protectors] varies widely between individuals, making accurate individual estimation of protection impossible'. We believe that while precise individual estimation is difficult to achieve, the combination of a critical review on real-world performance with an objective assessment of the use of HPD helped to deal with this issue. This study relied on empirical findings (detailed in Appendix 1) derived from a review where data were gathered from .90 different industries and $2900 individuals. Moreover, the average correction factors abstracted from this review were combined with an objective prediction model on behavior toward use of HPDs. It is important to recall that despite the controversy around noise reduction ratings (NRRs), the use of a single number to indicate performance offers a convenient way to account for different types and classes of hearing protectors in the absence of longitudinal workplace noise measurements inside hearing protectors and in the absence of spectral frequency exposure data.
When examining the ability of the new noise exposure measure to predict hearing loss, our inability to test how well workers used their hearing protectors was a concern. We examined our data and found that hearing threshold levels were not differentially distributed between subjects reporting use and nonuse of HPDs, which suggests that this was not a systematic error.
Our results show some success in strengthening the exposure-outcome relationship between noise exposure and hearing loss over time. However, it is possible that this strengthening is underestimated. Fitting the HPD use model to the study cohort data involves estimation errors. It is possible that the addition of estimation errors (due to the use of the model) counters the effect of decreasing the measurement errors (due to adjustment for HPD use). It should be noted that our HPD adjustment was conservative because we accounted for the fact that workers are seldom highly compliant and we considered all earmuff users would remove equipment based on observation data collected and described in detail in another study (Davies et al., 2009b) .
In addition, measurement errors were not only confined to exposure assessment. Despite the fact that data were cleaned with respect to logical errors, other sources of errors in the outcome could have been overlooked (e.g. hearing threshold levels not decreasing consistently for some subjects). However, the validation analyses were limited to subjects who had hearing tests performed outside work shift hours. Such an exclusion criterion ensured that the hearing loss definition was capturing permanent threshold shifts rather than temporary thresholds shifts.
Our validation analysis results were stable for all covariates that were controlled for and demonstrated a 4-fold increase in the slope of the relationship between noise and hearing loss. We controlled for various risk factors by adopting a model building strategy in which risk factors, classified by groups, were investigated separately. Manual selection of all included risk factors via a stepwise process led to the final model in which at least one variable from each risk factor group was considered. Finally, performing a within-subject analysis of hearing loss with a random intercept allowed control of factors that vary between subjects that were not accounted for in the fixed effects, including varying initial hearing loss.
We recognize that another approach could have been adopted for handling risk factor data. Principal components analysis would have captured which risk factors had the most variability in explaining hearing loss and reduced the high number of dimensions of our data to a simpler one. However, this might have led to ignoring a group of risk factors such as the non-occupational noise exposure group.
More sophisticated methods could have been employed; therefore, further work could aim at using a fully Bayesian approach that incorporates the measurement error in the prior probabilities in order to avoid the reliance on yearly proportion of HPD use. Such a method would have characterized the effect size provided by the attenuation factor. Nevertheless, this study demonstrated an improved noisehearing loss relation when accounting for hearing protectors use in a cohort of workers followed between 1909 and 1998. While the relative difference before and after adjustment for use of HPD is considerable, the absolute magnitude of the effect is very subtle which might indicate the relative failure of audiometric surveillance to detect signs of noiseinduced hearing loss.
In order to provide more perspective to the interpretation of the results for the adjustment by ear protectors, we compared the observed hearing loss with that predicted by the ISO standard. We showed that the predictions of hearing loss were identical in the Adjustment of retrospective noise exposure for use of HPDs 337 high exposure range (i.e. .95 dB), though it was slightly higher in the lower exposure categories between 85 and 95 dB (Fig. 4) . This was possibly due to unaccounted exposure in previous jobs since no assumptions pertaining to exposure before entering the cohort were made in the computations using the ISO standard. Alternatively, this disagreement could be that the relation between noise level and hearing loss is non-linear. Furthermore, there is probably more intermittent HPD use at lower exposures, and since we assumed constant use-despite the correction factor-the exposure at lower levels may have been over-adjusted. Finally, our results have a good external validity and we could expect the same dose-response strengthening in the entire study cohort since the exposure range of the validation subcohort reflects the exposure of the 13 147 workers of the study cohort.
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APPENDIX 1
Estimation of the attenuation provided by hearing protectors During audiometric testing, subjects were asked to self-report their HPD use by class (A and B) as per the Canadian rating scheme for hearing protector noise attenuation (Canadian Standards Association, 1994) and by type, either plugs or muffs or both. The standard indicates that the minimum attenuation that should be provided by Class A and B devices is 30 and 24 dB, respectively, whether plugs or muffs. Since the standard reflects the laboratory attenuation, we applied performance data from Berger et al. (1996) to the NRR recommended by the noise attenuation Canadian Standards Association to derive an estimate of the protection level likely achieved in real-world conditions (earplugs on average 28% of the labeled values, and earmuffs, average 62%). This is shown as the nominal attenuation 'A' in equation (i).
In addition, Erlandsson et al. (1980) showed that workers wearing muffs were more inclined to remove their HPD for ease of communication, than those wearing plugs. Therefore, we further adjusted attenuation for earmuffs using the formula proposed by Arezes and Miguel (2002) , to take into account the fact that workers only seldom wear their HPD for the entire shift and thus obtain the effective attenuation 'R 3dB '. R 3dB 5 10log 10 " 100 100 À P 1 À 10
where A is the nominal attenuation and P the proportion of total noise exposure duration in a work shift. Note that P was obtained from a survey conducted among a subset of lumber mill workers showing that highly exposed workers wore their ear protectors 95% of the time (Davies et al., 2009b) . The resulting HPD-specific attenuation value is shown in the table below. 
